ABSTRACT A balanced substrate integrated waveguide (SIW) filter is proposed by etching transverse slots on the top surface. The SIW structures between each two adjacent slots are resonators operating at TE 20δ mode for differential-mode (DM) operation and at TE 10δ and TE 30δ modes for common-mode (CM) operation. The proposed TE 20δ -mode resonator is much shorter than the traditional TE 201 -mode resonator, which causes the whole design to be compact and low loss. Furthermore, the strong electric coupling formed by slots make it have wider bandwidth when compared with the state-of-the-arts. A prototype is designed at 3.5 GHz with the size of 1.2λ d × 0.83λ d (λ d is the wavelength in dielectric at the center frequency), the minimum insertion loss of 0.91 dB, the 3-dB fractional bandwidth (FBW) of 16%, and the FBW for 20 dB CM suppression of 79%.
I. INTRODUCTION
Balanced filters with differential-mode (DM) passband and common-mode (CM) suppression have been extensively studied, due to their high immunity for environmental noise, low electromagnetic interference, and easy connection to other balanced circuits or antennas. On the other hand, substrate integrated waveguide (SIW) has a good trade-off among loss, quality factor, power-handling capability, integration, size and weight when compared with the microstrip or waveguide technology. Therefore, the balanced SIW filter has become popular in modern communication system. So far, several methods to design balanced SIW filter have been reported. One method is based on the cascaded traditional SIW resonators, which operate at TE 102 mode [1] , TE 102 and TE 201 modes [2] , or TE 101 mode [3] . To reduce the size, the method of using half-mode SIW resonator with microstrip-to-slot transitions [4] is proposed but with multilayer structure. The SIW balanced filter using quarter-mode SIW resonator [5] can further reduce the size, and the structure can be single-layer, but the insertion loss is not small.
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In this letter, transverse slots are etched on the top metal of SIW to achieve cascaded short-length TE 20δ -mode resonators, which make the proposed filter have the features of compact size, the lowest loss, the widest bandwidth, and single-layer substrate. Meanwhile, the analysis of the short-length SIW resonator is studied, and the working mechanism of DM and CM operation is analyzed to guide the design. The prototype is fabricated and compared with the state-of-art designs.
II. PROPOSED BALANCED SIW FILTER
A. STRUCTURE Fig. 1 shows the structure of the proposed balanced bandpass filter, which is realized by etching transverse slots on the top metal of SIW. The SIW structures between each two adjacent transverse slots construct the short-length SIW resonators, namely R 1 , R 2 , and R 3 as marked in Fig. 1 , while the slots and their upper and lower structures provide the coupling path between resonators or the coupling path between resonator and feeding structure. Two pairs of microstrip lines are symmetric to the symmetric line and form the two balanced ports, namely 1 + and 1 − , 2 + and 2 − . The proposed filter is designed on a dielectric substrate with the relative , where δ is close to zero because the electric field under the top metal surface has almost constant amplitude along z direction. Therefore, l r2 just has little effect on resonant frequencies of TE m0δ modes. On the other hand, the electric field of the short-length SIW resonator is stronger than the traditional SIW resonator, which makes it possible to provide strong coupling. The resonant frequencies of TE m0δ modes for the proposed short-length SIW resonator can be estimated by
where the second part in the root sign is used to compensate the open effect for different resonator lengths (l r2 ). Figs. 2(b) and 2(c) exhibit how the calculated and simulated resonant frequencies of TE m0δ modes vary with l r2 and a of the proposed short-length SIW resonator by Equation (1) and CST. It can be seen from Fig. 2 that the calculated results agree well with the simulated ones when m ≤ 3. The resonant frequencies of TE m0δ modes increase slightly with the decrease of l r2 but increase rapidly with the decrease of a, which means the resonant frequencies are mainly determined by a. It can also be found from Fig. 2 (c) that the frequency space between the three modes increases with decrease of a. 
C. DM ANALYSIS
The electric field of TE 20δ mode is odd-symmetric to the symmetric line. Then, only DM operation would be excited when the pair of feed lines is located symmetrically to the symmetric line. Therefore, the DM passband of the proposed balanced filter can be obtained based on TE 20δ mode, and the DM performance can be synthesized by DM external quality factor (Q d E ) and DM coupling coefficient (K d ij where i, j = 1, 2, 3 and i = j). Fig. 3 shows the DM coupling topology of the proposed filter, where the coupling coefficient (K d 13 ) can be produced because the distance between the resonators (R 1 and R 3 ) is short. Therefore, transmission zero can be generated to enhance the frequency selectivity because of two coupling paths [6] . For the proposed filter, Q d E and K d ij can be controlled by the respective slots because of the feature of the field distribution on TE 20δ mode in Part B. According to the coupled-resonator theory, the extracted Q d E can be calculated by
where f 0 is the center frequency, and f ±3 dB is the 3-dB bandwidth. f 0 and f ±3 dB of the proposed filter can be obtained by constructing the model in Fig. 4(a) . Meanwhile, the extracted coupling coefficients (K d ij ) for two resonators with different sizes can be obtained by electromagnetic simulation based on the model shown in Fig. 4(b) , and should be calculated by [6] 
where f si and f sj represent the self-resonant frequency of each short-length SIW resonator, and f ci and f cj stand for the two split resonant frequencies when two resonators are coupled to each other. Fig. 4 shows the variation rules of Q d E and K d ij under different parameters, respectively. As shown in Fig. 4(a) , Q d E increases with the increase of the length (s 1 ) and the width (w 2 ) of the slot. Fig. 4(b) shows that K d ij increases with the decrease of the length (s) or the width (w 2 ) of the slot, which indicates strong coupling for adjacent resonators and weak coupling for non-adjacent resonators. Therefore, the DM bandwidth will become wide with the decrease of s 2 , and the transmission zero will move to upper frequency at the same time, but the transmission zero almost keeps constant when the DM passband response is fixed because K d 12 and K d 23 will change with K d 13 . w 2 will be fixed to a large value (0.86w 1 ) to keep enough open edges of the proposed resonator, and the coupling coefficient will be controlled by the length of the slot in the filter design.
The theoretical values of Q d E and K d ij can be obtained from coupling matrix using [6] 
where M ij and M s1 are the coupling between two resonators and between the source and the first resonator, respectively. Assume that the performance of the proposed filter is designed with the center frequency f 0 = 3.5 GHz, a transmission zero located at 4.2 GHz, and 3-dB FBW of 17%, the coupling matrix for DM operation can be obtained according to the coupling matrix synthesis technique, and is written as 
D. PCM ANALYSIS
It can be seen from Fig. 2(a) that the electric field distributions of TE 10δ and TE 30δ modes are even-symmetric to the symmetric line, which would be in CM operation for the proposed filter. Fortunately, the frequency space between TE 10δ and TE 30δ modes is much larger than the DM bandwidth, which indicates that the CM suppression inside DM can be naturally obtained. However, the bandwidth of CM suppression will not change if f 0 is fixed because the frequency space between TE 10δ and TE 30δ modes almost keeps constant when changing l r2 . 
E. DESIGN PROCEDURE
For the proposed balanced SIW filter, the design procedure is summarized as three steps:
Step 1: Obtain the initial width and lengths of the resonators according to the resonant frequencies from the coupling matrix and variation laws in Figs. 2(b) and 2(c).
Step 2: The width of the slots is fixed at 0.86w 1 . The initial lengths of the slots can be obtained according to the coupling matrix and the variation laws of Q d E and K d ij in Fig. 4 .
Step 3: Optimize the overall performance and obtain the final dimensions in CST.
III. RESULTS
A prototype of the proposed filter with a size of 1.2λ d × 0.83λ d is designed as shown in Fig. 5(a) , and w 0 = 1.8 mm,
The measurement is carried out on the four-port Keysight N5230C vector network analyzer, which can obtain the mixed-mode S-parameters directly. Fig. 5(b) shows that the measured DM passband is centered at 3.5 GHz with a 3-dB FBW of 16% or the frequency range from 3.2 GHz to 3.75 GHz. Within the passband, the return loss is better than 20 dB and the minimum insertion loss is just 0.91 dB because of the short resonator length. The DM upper stopband (|S dd21 | ≤ −20 dB) stretches up to 1.7f 0 . The CM suppression is better than 20 dB with a FBW of 79%. The wide bandwidth of the second CM passband makes it close to the DM passband.
The main performances of the proposed balanced SIW bandpass filter and state-of-the-art designs with single-layer substrate are summarized in Table 1 . Comparing with the reported filters based on traditional TE 102 mode, the proposed balanced filter shows the advantage of compact size because of the short length of the resonator. Comparing with the reported quarter-mode SIW balanced filter, the proposed design has the advantage of low insertion loss due to the short resonator length. Besides, the proposed design also shows a relatively broad 3-dB FBW because of the large coupling ability.
IV. CONCLUSION
In this letter, a balanced SIW filter with simple structure is proposed by just etching transverse slots on the top metal of SIW. The features of compact size, low insertion loss, and a relatively broad FBW can be achieved. The analysis method is introduced and verified. It is believed that the proposed balanced SIW filter is a superior selection for the system requiring balanced bandpass filter.
